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Abstract
AMulti-Phase Transport Model (AMPT) has been extensively used to under-
stand the physics behind the experimental observation. Like other models,
the outcome of the AMPT model depends on the initial parameters. There-
fore, one needs to choose suitable initial parameters before using the model.
Lund string fragmentation function has been used to create quark-antiquarks
pairs in the AMPT model. The Lund string fragmentation parameters deter-
mine the yields and transverse momentum (pT ) spectra of particles produced
in nucleus-nucleus collisions. The values of Lund string fragmentation pa-
rameters were determined by fitting the charged particle yield and pT spectra
measured in the experiment. In this paper, we have shown the yield of strange
quarks carrying hadrons, e.g. φ mesons, are more sensitive to Lund string
fragmentation parameters compared to non-strange pions. Using φ meson
spectra measured at RHIC, we have obtained new sets of Lund parameters
for Au+Au collisions at
√
sNN = 11.5, 39, and 200 GeV. We have found that
using the same set of parameters, we can explain φ-meson yield at
√
sNN =
39 and 200 GeV, however, we need a different set of parameters for
√
sNN =
11.5 GeV. This suggests that at low energy,
√
sNN = 11.5 GeV, the under-
lying mechanism for particle production is different compared to top RHIC
energies. We have also predicted invariant yield of pi and φ mesons as a func-
tion of pT in U+U collisions at
√
sNN = 196 GeV to be measured by STAR
experiment.
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1. Introduction
The Relativistic Heavy Ion Collider (RHIC) has undertaken a Beam En-
ergy Scan program (BES) to look for a change in observations of various
measurements as a function of beam energy to establish the partonic phase
at higher energy collisions [1, 2]. The first phase of the Beam Energy Scan
program (BES-I) plus the top energy at RHIC has allowed access to a re-
gion of the QCD phase diagram covering a range of baryon chemical po-
tential (µB) from 20 to 420 MeV [2]. In such a program, the energy de-
pendence of φ(ss¯) meson production plays a crucial role, since it has small
hadronic interaction cross-section and freeze-out early compared to other
non-strange hadrons [3, 4, 5]. The first phase of the beam energy scan pro-
gram has been completed and the results are being available to understand
the properties of produced matter created in heavy-ion collisions [6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16]. Various observables are compared to theoreti-
cal calculations to understand the physical mechanism behind the measure-
ments [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35].
One of the frequently used models in heavy-ion collisions is AMPT [36]. The
motivation of this paper is to find out suitable input parameters of AMPT
model which explains the production of non-strange (pi) and strange mesons
(φ) measured by the STAR experiment at top RHIC and BES energies and
give a prediction for pi and φ meson pT spectra in U+U collisions at
√
sNN =
196 GeV.
The paper is organized as follows. In the next section, we discuss the AMPT
model. We also discuss the implementation of U+U collision in the AMPT
model. Section 3 presents the results, which include the comparison of data
and model calculation for pi and φ meson invariant yield as a function of pT .
Finally, in section 4 we present a summary of our findings.
2. The AMPT Model
The AMPT uses the same initial conditions as in HIJING [37]. However,
the minijet partons are made to undergo scattering before they are allowed
to fragment into hadrons. In AMPT default model, hadrons are formed from
these quarks and antiquarks by using a symmetric fragmentation function
f(z) ∝ z−1(1− z)a exp(−bm2
T
/z), where z denotes the light-cone momentum
fraction of the produced hadrons with respect to that of the fragmentation
string and a and b are free parameters [38]. The string-melting (SM) version
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of the AMPT model (labeled here as AMPT-SM) is based on the idea that
for energy densities beyond a critical value of ∼ 1 GeV/fm3, it is difficult to
visualise the coexistence of strings (or hadrons) and partons. Hence the need
to melt the strings to partons. This is done by converting the mesons to a
quark and antiquark pair, baryons to three quarks, etc. The quark-antiquark
pair production from string fragmentation in the Lund model is based on
the Schwinger mechanism [39]. In the Schwinger mechanism, the produc-
tion probability of the quark-antiquark pair is proportional to exp(−pim2
T
/k),
where mT is the transverse mass of the quark and k is the string tension,
approximately as given by k ∝ 1/[b(2 + a)]. The AMPT model with string
melting leads to hadron formation using a quark coalescence model. The
subsequent hadronic matter interaction is described by a hadronic cascade,
which is based on a relativistic transport (ART) model [40].
The values of Lund string fragmentation parameters (a and b) were deter-
mined by fitting the charged particle yield and pT spectra measured in the
experiment for different collisions system [36, 41, 42]. In this work, we in-
cluded the production of strange quarks carrying hadrons, φ meson, as well
as non-strange pi meson to determine the Lund parameters, a and b, for
Au+Au collisions at
√
sNN = 11.5, 39, and 200 GeV. We have used two sets
for parameters; set 1: a=0.55 and b =0.15 (proposed in ref. [41]) and set 2
: a=2.2 and b =0.15. The parton-parton cross-section is taken to be 3 mb
(using strong coupling constant αS =0.33) for both set 1 and set 2. The
termination time of the hadronic cascade is taken to be 30 fm/c.
In the public version of the AMPT model, the deformation parameter of
Uranium nucleus is not implemented. In this work, we have implemented
deformed shape of the Uranium nucleus in the AMPT model to study the
U+U collisions. The nucleon density distribution is parametrized as a de-
formed Woods-Saxon profile.
ρ =
ρ0
1 + exp([r − R]/a) , (1)
R = R0[1 + β2Y
0
2
(θ) + β4Y
0
4
(θ)], (2)
Where ρ0 is the normal nuclear density and Y
l
m(θ) denote spherical har-
monics and θ is the polar angle with respect to the symmetry axis of the
nucleus. We have used the radius of the nucleus R0 = 6.81 fm and the
surface diffuseness parameter a= 0.55 fm for U nucleus. The deformation
parameters in the WoodsSaxon profile are β2= 0.28 and β4=0.093 [43, 44].
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Figure 1: (Color online) (a) Ratios of pions and φ mesons pT spectra at mid-rapidity
between two sets of input parameters of AMPT in Au+Au collisions at
√
sNN = 11.5
GeV. (b) Ratios of kaons and protons pT spectra at mid-rapidity between two sets of input
parameters of AMPT in Au+Au collisions at
√
sNN = 11.5 GeV. Here set 1 corresponds
to a=0.55 and b =0.15 and set 2 corresponds to a=2.2 and b =0.15.
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3. Results
3.1. Au+Au collisions
We have calculated the transverse momentum spectra of pion and φmeson
using the AMPT model with two sets of parameters, set 1 and set 2. Figure 1
(a) shows the ratios of pions and φ mesons spectra between two sets of
input parameters in AMPT. The solid red circle and solid blue star marker
correspond to pi− and φ mesons, respectively. This calculation is done for
10-40% Au+Au collisions at
√
sNN = 11.5 GeV. From Fig. 1, we can see
that change in pi spectra is within 15%, however, a large difference (∼50%
at low pT ) is observed for φ meson spectra. A similar comparison has been
shown for kaons (consist of one strange quark) and protons (similar mass as
φ) in Fig 1 (b), where a change in spectra is found to be ∼ 20-25% and 10-
15%, respectively. This study suggests that yield of strange quarks carrying
hadrons are more sensitive observable to constraint the Lund fragmentation
parameter. These observations are energy independent. In this paper, we
have used pT spectra of pions and φ meson simultaneously to extract Lund
fit parameters for Au+Au collisions at
√
sNN = 11.5, 39 and 200 GeV.
Figure 2(a) and (b) compare the experimentally measured pT spectra of
non-strange pion and φ meson with AMPT model calculation in Au+Au
collisions at
√
sNN = 200 GeV [45, 46]. The measurement has been done at
mid-rapidity, |y| < 0.1 (for pi) and |y| < 0.5 (for φ). Comparison is shown for
three different centralities, 0-5% (most central), 20-30% (mid-central) and
60-70% (peripheral). Lund parameters (a = 0.55 and b = 0.15), used to
fit charged particle spectra in Au+Au collisions at
√
sNN = 200 GeV [41],
are also used here for both pions and φ meson. We can see AMPT model
calculations, with Lund parameters a=0.55 and b =0.15, explain both non-
strange pi− and strange φ meson spectra for all pT and all centralities.
After observing good agreement between data and model using parameter
a=0.55 and b =0.15 (set 1), we wanted to check what happens if we lower
the center-of-mass energy. In Fig. 3, we have shown comparison of pi− and
φ meson spectra between data and AMPT model using parameter a=0.55
and b =0.15 (set 1) at
√
sNN = 39 GeV. We can see, in most central and
mid-central collisions AMPT model explains the data very well for both pi−
and φ mesons. However, model over predicts the data at high pT for most
peripheral collisions.
Figure 4 shows comparison of pi− and φ meson spectra between data and
AMPT model for Au+Au collisions at
√
sNN = 11.5 GeV. Here we can see,
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Figure 2: (Color online) Invariant yield of (a) pi− and (b) φ at mid-rapidity as a function
of transverse momentum in Au+Au collisions at
√
sNN = 200 GeV for 0-5%, 20-30% and
60-70% centralities. Solid star marker represents experimentally measured values [45, 46]
and open circle represents AMPT model calculation using a=0.55 and b =0.15 (set 1).
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Lund parameter a=0.55 and b =0.15 (set 1) explains pi− spectra at most
and mid-central collisions. However, AMPT model calculation using Lund
parameter a=0.55 and b =0.15 (set 1) under-predicts measured φ meson
spectra at most and mid-central collisions. We have also shown AMPT model
results using Lund parameter a=2.2 and b =0.15 (set 2) in Fig. 4. We do not
see any significant change in pi− spectra; however, the comparison between
data and AMPT model with set 2 parameter looks better than that of set 1
for φ meson. This clearly shows φ meson is a better probe to have control
over the Lund parameter. It is important to note that, using the same set of
parameters (set 1), one can explain data at both 200 and 39 GeV, however.
we need a different set of parameters in order to describe data at 11.5 GeV.
This suggests that the underlying mechanism for particle production at 11.5
GeV could be different than that of at 39 and 200 GeV. This finding is
consistent with the finding by the STAR experiment as presented in ref. [11].
3.2. U+U collisions
After obtaining suitable sets of parameters of the AMPT model in Au+Au
collisions at top RHIC and BES-energies, we have calculated the invariant
yield of pi− and φ mesons spectra in U+U collisions at
√
sNN = 196 GeV
for various centralities. The U+U collisions are expected to produce more
extreme conditions of QCD matter at higher density and/or greater volume
than the spherical gold nuclei at the same incident energy. Since Uranium
has quadrupole deformed shape, the collisions between Uranium nuclei will
produce different initial geometry compared to Au+Au collisions. Figure 5
shows the Invariant yield of (a) pi− and (b) φ at mid-rapidity as a function
of transverse momentum in U+U collisions at
√
sNN = 196 GeV for 0-5%,
20-30% and 60-70% centralities. We also compared the results with that of
Au+Au collisions at
√
sNN = 200 GeV. In this calculation, we have used
Lund parameters a=0.55 and b =0.15 (set 1) which explain data for Au+Au
collisions at
√
sNN = 200 GeV. It is found that the invariant yield of pi
− and
φ is higher (20%) in U+U collisions compared to that in Au+Au collisions.
This could be due to the higher initial energy density in U+U collisions
compared to Au+Au collisions. These AMPT results can be compared to
the experimental results to be available soon from STAR collaboration.
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Figure 3: (Color online) Invariant yield of (a) pi−. and (b) φ at mid-rapidity as a function
of transverse momentum in Au+Au collisions at
√
sNN = 39 GeV for 0-5%, 20-30% and
60-70% (40-60% for φ) centralities. Solid star marker represents experimentally measured
values [12, 11] and open circle represents AMPT model calculation using a=0.55 and b
=0.15 (set 1)
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Figure 4: (Color online) Invariant yield of (a) pi−. and (b) φ at mid-rapidity as a function
of transverse momentum in Au+Au collisions at
√
sNN = 11.5 GeV for 0-5%, 20-30% and
60-70% (40-60% for φ) centralities. Solid star marker represents experimentally measured
values [12, 11] and open circle represents AMPT model calculation using parameters set
1 (a=0.55 and b =0.15) and set 2 (a=2.2 and b =0.15)
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Figure 5: (Color online) Invariant yield of (a) pi− and (b) φ at mid-rapidity as a function
of transverse momentum in U+U collisions at
√
sNN = 196 GeV for 0-5%, 20-30% and
60-70% centralities. The AMPT model calculation using parameters set 1 (a=0.55 and b
=0.15) which explains data for Au+Au collisions at
√
sNN = 200 GeV. The AMPT model
calculation for Au+Au collisions at
√
sNN = 200 GeV using same set of parameters are
also shown for comparison.
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4. Summary
In summary, a compilation of the available data at RHIC energies for the
invariant yield of pi− and φ mesons has been presented. We have shown that
strange quarks carrying hadrons are the most sensitive probe to the initial
parton dynamics and one should use measured φ meson yield along with non-
strange particle to determine the model parameters in the AMPT model. It
has been found that using the same set of parameters; one can explain both
pi− and φmeson spectra at 200 and 39 GeV. However, one needs a different set
of input parameters to explain measured φ meson spectra at 11.5 GeV. These
results suggest that there is likely a change in the underlying strange quark
dynamics in the produced matter during Au+Au collisions. In addition, we
have studied the production of pi and φ meson in U+U collisions at
√
sNN
= 196 GeV after implementing deformation for the uranium nucleus in the
AMPT model. These results can be compared to experimental measurements
at RHIC to understand the particle production mechanism in U+U collisions.
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